Three phytase (EC 3.1.3.26) isoforms from the roots of 8-d-old maize (Zea mays 1. var Consul) seedlings were separated from phosphatases and purified to near homogeneity. The molecular mass of the native protein was 71 kD, and the isoelectric points of the three isoforms were pH 5.0, 4.9, and 4.8. Each of the three isoforms consisted of two subunits with a molecular mass of 38 kD.
whether in these cases phytate was hydrolyzed by an extracellular or an intracellular phytase (Islam et al., 1979; Kraus, 1989) . Although there is some controversy surrounding the mode of phytate absorption by plant roots, Kraus (1989) demonstrated metabolism of 14C and 32P from [I4C/ 32P]phytate that had been supplied with the nutrient solution to the roots of maize (Zea mays) seedlings.
More recently, Laboure et al. (1993) demonstrated phytase activity not only in roots but also in shoots of maize seedlings. In addition, phytate was identified as a compound representing up to 14% of total P (290 pg 8-l dry weight) in root and crown tissue of alfalfa (Campbell et al., 1991) . These findings are in line with earlier results by Roberts and Loewus (1968) and Scheiner et al. (1978) , who demonstrated the accumulation of phytate in duckweed. Thus, in roots and shoots phytases might be involved in the breakdown of phytate, as in seeds.
In addition to a possible role as a P-storage compound, phytate may also be effective as a chelator in the detoxification of heavy metal ions in plant tissue. Van Steveninck et al. (1993 ,1994 showed that roots of various plant species were able to immobilize excessively supplied zinc in globular, P-rich intracellular inclusions deposited in the root elongation zone. These deposits were similar to globoids that were found by Lott and Ockenden (1986) in seeds.
The present work is a continuation of our investigations on phytases in maize roots (Hiibel and Beck, 1993) . Here we describe the purification of phytase from maize roots and its localization in the root tissue, and present some results about its physiological function.
MATERIALS A N D METHODS

Maize seeds (Zea mays L. var Consul, KWS, D-37574
Einbeck, Germany) were germinated in a container system (98 cm X 48 cm) on grids of stainless steel that were positioned 1 cm above a water table. For the first 3 d plants were kept in the dark. The seedlings were then exposed to light (175 pmol m-'s-', 15 h / d ) for a period of 5 d. The water below the seedlings was continuously flushed (5 Plant Physiol. Vol. 11 2, 1996 volumes h-') and vigorously aerated. After 8 d, 4 kg of maize roots, with negligible microbial contamination, was harvested.
Purification of Maize Root Phytase
Crude Extract
Maize roots (1.5 kg) were rinsed with distilled water and homogenized with a Waring blender in ice-cold 50 mM sodium acetate buffer (pH 4.5,2 mL g-' fresh weight). The homogenate was cleared by centrifugation (9000g, 20 min) and phytase was purified from the supernatant in a 5-step procedure.
Step
. Ammonium Sulfate Precipitation
The protein was precipitated with ammonium sulfate (80% saturation), collected by centrifugation (9,00Og, 20 min), and resuspended in 600 mL of sodium acetate buffer (50 mM, pH 4.5). Ammonium sulfate was removed by dialysis against 7 L of the same buffer for 15 h, and the protein solution was again cleared by centrifugation (15,00Og, 20 min).
Step 2. Cation-Exchange Chromatography on SP-Sepharose FF An SP-Sepharose FF cation-exchanger column (XK 50/ 70, Pharmacia) was equilibrated with sodium acetate buffer (50 mM, pH 4.5), and the protein solution was applied to the column at a flow rate of 5 mL min-'. The column was rinsed with 500 mL of sodium acetate buffer and subsequently eluted by applying a linear gradient of 50 to 300 mM NaCl in the same buffer (1600 mL) at the same flow rate. Fractions (12 mL) exhibiting phytase activity were pooled and dialyzed against piperazine-HC1 buffer (20 mM, pH 5.2, 20 L) overnight.
Steps 3 and 4. Repeated Anion-Exchange Chromatography on Q-Sepharose HP
Pooled protein fractions from three preparations were loaded onto a Q-Sepharose HP anion-exchange column (XK 26/100, Pharmacia) at a flow rate of 3 mL min-l.
Protein was eluted with a linear NaCl gradient (0-300 mM, 200 mL) in 20 mM piperazine-HC1 buffer (pH 5.2) at the same flow rate. Fractions containing phytase activity were combined, and the corresponding samples of up to four runs were diluted with 3 volumes of 20 mM piperazine solution. The resulting pH was 9.3 and the NaCl concentration was 40 mM.
The pooled phytase-containing fractions were rechromatographed on a second column of Q-Sepharose HP (XK 16/ 100, Pharmacia), which had been equilibrated with 20 mM piperazine-HC1 buffer (pH 9.3). Protein was eluted with a linear NaCl gradient (200 mL) of O to 500 mM NaCl in the same buffer. Fractions (5 mL) with phytase activity were pooled and concentrated in micro-concentrators (Centricon 30, Amicon, Witten, Germany) to a final volume of 1 mL in 10 mM sodium acetate buffer (pH 4.5).
Step 5. Preparative 
IEF
In the last step phytase from step 4 was further purified by preparative IEF (see below). The concentrated samples were applied to a single 300-pL sample well. Phytase and phosphatase, which had been identified by activity staining of the gel, were electroeluted (Electro-Elutor, Bio-liad, 25 mM Tris-Gly buffer, pH 8.4) and concentrated in sodium acetate buffer (10 mM, pH 4.5).
Enzyme Assays
Phytase
Phytase activity was determined by measuring the amount of Pi released from sodium phytate at 40°C. Samples of 25 pL of protein solution were added to 75 pL of sodium acetate buffer (50 mM, pH 4.8) that contained 200 p~ sodium phytate (Sigma). After 60 min of incubation, Pi was reacted with 200 pL of ammonium molybdate reagent (Gibson and Ullah, 1988) and the resulting yellow complex was quantified at 405 nm. One unit of phytase activity is defined as 1 pmol Pi released from sodium phytate per minute .
Phospha tase
Acid phosphatase activity was determined in samples of 25 pL of protein solution in 175 pL of sodium acetate buffer (50 mM, pH 4.8, 1.25 mM MgCl,, 40°C) with 4-nitrophenyl phosphate as the substrate. The reaction was terminated by the addition of 100 pL of NaOH (0.5 N) and the production of nitrophenol was determined photometrically at 405 nm. One unit of acid phosphatase activity is defined as 1 pmol nitrophenol released per minute.
Protein
Protein was determined by the Bradford (1976) assay (Bio-Rad) using BSA (Sigma) as the standard.
Analysis of Degradation Products of Phytate
Purified isoforms of phytase 1 were incubated with so- (16, 00Og, 3 min) . From the supernatant TCA was extracted four times with twice the volume of watersaturated diethyl ether. TCA-free solutions were lyophilized and stored at -25°C. Inositol phosphates, released by the action of the phytase isoforms on sodium phytate, were identified by the micro-mdd HPLC method described by Guse et al. (1995) .
Histochemical Localization of Phosphatase and Phytase
Phytase and phosphatase activities were localized using a slight modification of the histochemical procedure of Staswick et al. (1994) . The primary roots of 4-d-old seedlings were sliced with a razor and the slices were floated in www.plantphysiol.org on November 11, 2017 -Published by Downloaded from Copyright © 1996 American Society of Plant Biologists. All rights reserved.
cold, buffered Suc solution (100 mM sodium acetate buffer, pH 4.8, 50 mM SUC [buffer A]). Appropriate sections were incubated at 40°C in the same buffer with substrates for phosphatase and phytase, respectively. For the demonstration of phosphatase the incubation medium contained 4-nitrophenyl phosphate (1 mM) and lead nitrate (1 mM).
After a reaction period of 1 h, the slices were rinsed with buffer A, fixed with acetic acid:ethanol (30:70, v/v) and 96% ethanol, and incubated in a saturated solution of KI in ethanol to convert Pb,(PO,), to PbI,; PbI, was visualized, as described in detail by Staswick et al. (1994) . For demonstration of phytase, lead nitrate had to be added at the end of the reaction period (18 h) to avoid the formation and precipitation of lead phytate. After the enzyme reaction, slices were transferred to buffer A, which contained 1 mM Pb(NO,),, and incubated for 1 h. Subsequently, they were treated as described above for the phosphatase assay. Control experiments without substrates were run under otherwise identical experimental conditions.
Electrophoresis
IEF
IEF, in the range between pH 6.0 and 4.0 (400 V, 2 h), was carried out in a vertical gel chamber in a 6% (w/v) polyacrylamide gel using ampholytes (Serva, Heidelberg, Germany) as the carrier, His solution (40 mM) as the cathode buffer, and Glu (20 mM) as the anode buffer. The pIs of the phytase isoforms were estimated by comparison with standard proteins (Serva).
IEF/SDS Electrophoresis
Two-dimensional IEF / SDS electrophoresis was performed as described by OFarrell(l975). After separation of the proteins in the first dimension, gel strips were boiled in 500 pL of SDS sample buffer for 5 min and were subsequently transferred to the SDS stacking gel. For SDS electrophoresis the Laemmli (1970) procedure, with a 5% stacking and a 15% running gel, was used.
Protein Staining
Polypeptides were stained with a solution of Coomassie brilliant blue R-250 (2.5 g) and G-250 (0.5 g) in 1 L of methano1:acetic acid:water (475:100:425, v/v). The gels were floated overnight in a mixture of 5 mL of staining solution and 50 mL of fixing solution (methanokacetic acid: water, 45:10:45, v / v) and subsequently destained with methanokacetic acid:water (10:5:85, v/v).
Activity Staining 10 min. Subsequently, the strips were transferred to the malachite-green molybdate reagent (2.9 N HC1:12.5 mM sodium mo1ybdate:malachite-green [0. 033%, w / v; 50:50:5, v/v] ) and incubated until green bands developed.
Highly purified phytase could also be localized by its phosphatase activity with the assay for acid phosphatase. IEF gels were put on filter paper (MM3, Whatman) that had been previously soaked with the diazo-dye buffer described below. Single bands, representing phytase isoforms, were visible on the filter paper within a few seconds.
Phosphatase
Acid phosphatase activity was visualized by the diazodye method of Smith et al. (1971) using 1-naphthyl phosphate (2 mM, Fluka) as the substrate in sodium acetate buffer (50 mM, pH 4.8, 5 mM MgC1,) and Fast Garnet GBC (1.5 mM, Sigma) as the dye. A dark-brown color indicated the activity of phosphatase. The reaction was terminated by fixing the gel with methano1:acetic acid: water (45:10:45, v/v).
Determination of Molecular Weight
The molecular weight of the purified phytases was estimated by gel chromatography on a Sepharose S-200 column (16 mm x 900 mm; Pharmacia) using a molecular weight standard kit (Sigma) and sodium acetate (50 mM, pH 4.5) as the buffer.
Analysis of lnositol Phosphates in Root Extracts
32P Labeling of Maize Seedlings and HVPE of Root Extracts
Maize seedlings were cultivated for 3 d as described above. Individual seedlings were transferred into glass tubes with their roots immersed in 5 mL of phosphate buffer (100 p~, pH 7.0) to which 370 kBq [32P]phosphoric acid (NEN-DuPont) was added. After 24 h the primary roots of three seedlings were harvested, frozen in liquid nitrogen, ground with a mortar and pestle, and extracted with 0.5 mL of ice-cold TCA (lO%, w/v). After clearing the extract by centrifugation (9000g, 30 s) TCA was removed by repeated extraction with diethyl ether. Finally, sodium phytate was added to the extract and 30-pL samples were analyzed by HVPE as described by Seifert and Agranoff (1965) . The distribution of radioactivity on the filter paper was analyzed with a p--Imager (Packard, Frankfurt, Germany) and the interna1 authentic standard was located with the molybdate reagent (Bandursky and Axelrod, 1951) .
mdd-HPLC of Root Extracts Phytase
In IEF gels phytase was localized by the staining of phosphate that was released from sodium phytate with malachite-green reagent (Penney and Bolga, 1978) . Gel strips were incubated with phytate in 50 mL of sodium acetate buffer (50 mM, pH 4.8, 200 p~ sodium phytate) for As in the 32P-labeling experiment, roots of young maize seedlings were extracted with TCA. The extraction procedure was slightly modified (Mayr, 1993) , since a charcoal treatment of the crude extract and a solid-phase extraction was necessary prior to mdd-HPLC analysis (Guse et al., 1995) . 
RESULTS
Purification of Phytase
Phytase was purified from maize roots in a 5-step procedure, including ammonium sulfate precipitation, cationand anion-exchange chromatography, and preparative IEF. Ammonium sulfate precipitation at 80% saturation yielded a protein mixture that, upon cation-exchange chromatography, showed three distinct peaks of phytase activity (Phy 1, Phy 2, and Phy 3; Fig la) . On the preparative scale, however, the small peak of Phy 3 did not clearly separate from Phy 2.
Phy 1 was selected for further purification, and the combined fractions were subjected to anion-exchange chromatography at pH 5.2 (Fig. lb) , and subsequently at pH 9.3. Phosphatase and phytase were separated from the bulk of the protein. Two distinct peaks of phytase activity (Phy 1.1 and Phy 1.2) were eluted using a linear O to 300 mM NaCl gradient at pH 5.2. The major peak, Phy 1.1, was finally purified by preparative IEF after rechromatography at pH 9.3. Due to the small amount of protein associated with phytase activities the final specific activity of the preparation could not be determined (Table I) .
Characterization of the lsoforms of Phytase 1.1 pl and Molecular Weight
IEF of phytase 1.1 resulted in the separation of three phytase isoforms (Phy 1.1.1, Phy 1.1.2, and Phy 1.1.3), which were identified by the highly specific malachitegreen staining procedure (Fig. 2a) . The bands also exhibited phosphatase activity with 1-naphthyl phosphate (Fig.  2b) . The pIs of the individual isoforms were at p H 5.0 (Phy 1.1.1), 4.9 (Phy 1.1.2), and 4.8 (Phy 1.1.3). The molecular mass of Phy 1.1 was determined by gel chromatography on Sepharose S-200 and by IEF / SDS-PAGE. Gel chromatography indicated a molecular weight of 71,000, whereas upon SDS-PAGE the three isoforms of Phy 1.1 showed a molecular mass of 38 kD (Fig. 2c) .
Kinetic Data
The three phytase isoforms were electroeluted from preparative IEF gels, and the K, values for sodium phytate were determined after Lineweaver-Burk transformation as 43 p~ (Phy 1.1.1), 25 p~ (Phy 1.1.2), and 24 p~ (Phy 1.1.3). The corresponding K , values with 4-nitrophenyl phosphate as the substrate were significantly higher: 137 ~L M (Phy 1.1.1), 157 ~L M (Phy 1.1.2), and 147 p~ (Phy 1.1.3). The enzymes showed clear substrate inhibition at concentrations greater then 300 p~ phytate, but substrate inhibition was not observed with 4-nitrophenyl phosphate. The optimal temperature for phytate hydrolysis by the three isoforms was between 35 and 40°C. The pH optima for a11 three isoforms were between 5.0 and 5.1. 
Mode of Hydrolysis of Sodium Phytate
Using mdd-HPLC the stepwise hydrolysis of sodium phytate was investigated. The breakdown of phytate by the individual phytase isoforms is a nonrandom process, resulting in the formation of well-defined intermediates. As indicated in Figure 3 , the first and second degradation products (InsP 5 and InsP 4 ) could be identified after incubation for 10 ( Fig. 3B ) and 90 min (Fig. 3D) , respectively. The dephosphorylation pattern was identical to all three isoforms of Phy 1.1 (data not shown).
Because enantiomers cannot be separated by anionexchange chromatography, the first reaction product of phytate degradation was identified as D-or L-inositol-(1,2,3,4,5)P 5 . Since L-Ins(l,2,3,4,5)P 5 is identical to D-Ins-(1,2,3,5,6)P 5 , the phytase isoforms purified from maize roots have to be addressed either as 4-phytase or 6-phytase. After incubation for 30 min, the second reaction product was identified as D-or L-Inositol(l,2,5,6)P 4 . Further hydrolysis of inositol(l,2,5,6)P 4 by maize root phytase resulted in the formation of an inositolP 3 . The chemical configuration of this intermediate compound could not be identified.
Effectors
In Figure 4 2+ and A1 3+ inhibited phytase activity completely (data not shown). The nonspecific phosphatase activity of phytase measured with 4-nitrophenyl phosphate was less sensitive to heavy metal ions, and even at concentrations of 1 mM the three isoforms retained 6 to 38% of their initial activity (data not shown).
Localization of Phosphatase and Phytase Activity in
Maize Roots
Phytase and phosphatase activity were demonstrated in cross-sections of young primary roots by the staining of phosphate that was liberated from externally supplied sodium phytate or 4-nitrophenyl phosphate. In control experiments root slices were incubated under the same experimental conditions without substrate (Fig. 5A) .
As shown in Figure 5B , yellow precipitate was produced in cross-sections of the primary root that was supplied either with sodium phytate or 4-nitrophenyl phosphate; slices of the controls remained colorless. Substantial liberation of phosphate from 4-nitrophenyl phosphate was consistently found in the pericycle and the endodermis. Independent of the developmental stage, individual cells of other root tissues (except the rhizodermis with the root hairs) and emerging laterals showed phosphatase activity. In contrast to phosphatase, phytase activity was strictly confined to the endodermis of the primary root. Other cells of the cross-section were never stained when sodium phytate was supplied as substrate (Fig. 5C ).
Demonstration of Phytate in Maize Roots
After administering [ 32 P]phosphate to the roots of 3-dold maize seedlings, [ 32 P]phytate was identified as one of several P compounds present in TCA extracts of maize roots. Phytate was labeled within 24 h and accounted for about 1% of the radioactivity recovered from the root (Fig. 6A) . Phytate as well as three different inositol -inositol[l,2,4,5,6 ]P 5 ) were identified by mdd-HPLC analysis in the extract (Fig. 6B) .
DISCUSSION
Phytase is a special type of phosphohydrolase, which can be differentiated from the nonspecific acid phosphatases (EC 3.1.3.2) by its capability of initiating the dephosphorylation of phytate. Four phytase activities (Phy 1, Phy 2.1, Phy 2.2, and Phy 3) were separated by column chromatography of a protein extract from maize roots (Fig. 7) . Phy 1.1, in which specific activity was 5.67 units mg~' protein was purified by preparative IEF, resulted in three distinct phytase isoforms with pi values of between pH 4.8 and 5.0.
The comparison with phytases from other plant sources (seeds: Maiti and Biswas, 1979; Gibson and Ullah, 1988; pollen: Baldi et al., 1988; and vegetative tissues: Laboure et al., 1993) revealed high similarities between the three isoforms of phytase 1.1 from maize roots and phytase purified from the shoots of maize seedlings (Laboure et al., 1993) . Shoot and root phytase of maize must be addressed as acid phytases because of their optimal activity at about pH 5.0. Both enzymes are homodimers with molecular masses of 76 kD (shoot: Laboure et al., 1993) and 71 kD (root). However, in maize shoot tissue only two isoforms were detected upon nondenaturing PAGE (Laboure et al., 1993) .
In addition to the similar molecular masses of the two preparations, western blot analysis (Laboure et al., 1993) with antibodies against maize seed phytase suggested the identity of phytase of the shoot and the root. However, the temperature optimum of 55°C and the K m of 117 JXM for phytate and 555 /U,M for 4-nitrophenyl-phosphate for the shoot phytase (Laboure et al., 1993) were significantly higher than the respective values (35-40°C, 24-43 JUM, 137-157 JUM) of the root phytase 1.1. In addition, the phytases from maize roots were totally inhibited by concentrations of Zn 2 ' higher than 100 /MM, whereas the phytase purified from the maize shoot retained at least 40% of its initial activity even at a Zn 2 " 1 " concentration of 2 mM. Since the cleavage of 4-nitrophenyl phosphate by the phosphatase activity of the three phytase isoforms was likewise sensitive to low concentrations of Zn 2+ , we conclude that a direct interaction occurs between Zn 2 " 1 " and the enzyme rather than an inhibition due to the formation of Zn 2+ -phytate complexes. (Fig. 8, A and B, respectively) .
The first intermediate was also identified as the main reaction product of F, phytase from wheat bran (Lim and Tate, 1973) and soybean phytase (Gibson and Ullah, 1990) , which were described as 6-phytases. The isoforms of phytase 1.1 from maize roots were therefore termed D/L-6-phytases. They are completely different from the 3-phytase or 5-phytase from Aspergillus ficuum (Ullah and Phillippy, 1988) or lily pollen (Barrientos et al., 1994) , respectively.
Although a remarkable similarity exists between phytases in seeds, leaves (Laboure et al., 1993) , and roots, the physiological function of phytase in nonreproducing tissue is unclear. There was some early evidence (Saxena, 1963) that root phytase is responsible for the mobilization of Pi from soil-borne phytate. But several experiments (Adams and Pate, 1992; Findenegg and Nelemans, 1993; Hubel and Beck, 1993) clearly demonstrated that plants were not able to use this P source when growing in soil. This can be explained by the extremely low accessibility of phytate in this substrate and by the location of phytase only in the endodermis of the primary root.
Since as in seeds appreciable amounts of phytate (290 /xg g^1 dry matter) were detected in root and crown tissue of alfalfa (Campbell et al., 1991) and in Wolffiella floridana (Roberts and Loewus, 1968) , root phytase might be responsible for the hydrolysis of an endogeneous substrate that appears to be deposited as P-rich globoids in the pericycle
Step and the endodermis of several crop plants (Van Steveninck et al., 1993) . Phytate was also demonstrated in the maize root, and phosphate incorporation into phytate or P deposition as phytate has been shown to proceed readily. As in extracts of W. floridana (Roberts and Loewus, 1968) , phytate was the predominant inositol phosphate present in the primary root of maize. Since [ 32 P]phytate was also detected in leaves of young maize seedlings, phytate may function as a universal transitory P-storage product in reproductive and nonreproductive plant tissue as well. Phytase, irrespective of its location in the latter tissue, may play the same physiological role as in germinating seeds.
